Abstract: Vegetation is a natural source of Volatile Organic Compounds (VOC) that plays an important role in atmospheric chemistry. The main objective of the current study is to implement a model to quantify process-based VOC emissions from plants that focuses on the relationship between the sensitivity of VOC emission estimates to spatial resolution data, based on scientific knowledge and vegetation dynamics derived from satellite observations. The Normalized Difference Vegetation Index (NDVI) and Leaf Area Index (LAI) were elected to examine this issue using different resolutions of satellite-derived products: 22m from the DEIMOS-1 satellite, and 250m and 1000m provided by MODIS. The study is focused on an area of 80x80km 2 in Portugal for 2011. Detailed land cover and meteorological data are also included in the emission quantification algorithm. The primary outcomes were determined using a multi-scale analysis showing spatial and temporal variations in the vegetation parameters and modeling results. The results confirm that the emissions model is highly sensitive to the spatial resolution of the satellite-derived data, resulting in about a 30% difference in total isoprene emissions for the study area.
Introduction
Volatile organic compounds (VOC) play an important role in atmospheric chemistry, contributing to tropospheric ozone and secondary organic aerosol formation [1] [2] [3] . On the global scale, vegetation generates over 90% of VOC emissions [4] of which isoprene is emphasized as the most * E-mail: oxana@uc.pt abundant and highly reactive [5, 6] . However, direct measurements of VOC emissions are still scarce or absent for most ecosystems and vegetation types. In response, modeling approaches able to quantify biogenic VOC emissions and to characterize their spatial and temporal variations have been developed, from leaf-level [7, 8] to global scale models [9] . In addition, satellite observations are increasingly being used in combination with tropospheric chemistry transport models to constrain isoprene emission inventories, through top-down inversion approaches [10, 11] . Emission rates of biogenic VOC depend on the in-teraction between environmental, biological, physical and chemical processes. Quantifying the emissions for each type of vegetation may be achieved by using the definition of the specific emission capacity of each type under standardized conditions (standard temperature and light) and then correcting for the actual environmental conditions. Vegetation parameters and their dynamics will also be considered since they play an important role in emissions modeling. For this purpose satellite-derived parameters,such as the Normalized Difference Vegetation Index (NDVI) and Leaf Area Index (LAI), are particularly useful for estimating VOC emissions, the spatial resolution of the satellite data may affect the results yielded from biogenic VOC modeling. An understanding of scaling effects is critical for the proper interpretation of remote sensing data gathered at different temporal and spatial scales [12, 13] . Several approaches could be implemented to study the effects of using satellite images with fine and course data resolutions from different sensors and those with course data resolutions constructed from compiling fine resolution data [14, 15] . Independent of how the scale was derived or the degree of coarseness of data resolution, the comparison and integration of multi-scale data analysis is a challenging issue. The main objective of this study is to use a model to quantify process-based VOC emissions from plants while paying special attention to the effects of different spatial resolutions on VOC emission estimates using scientific knowledge and vegetation dynamics derived from satellite observations. To address the issue of the impact of spatial and temporal variability on VOC emission estimates" the data resolution of satellite-derived LAI and NDVI on isoprene emissions will be examined with the resulting VOC emission values. In addition, the influence of the different assumptions made when entering the data are considered in the modeling approach of the final emissions inventory. The methodology is applied to a selected area of 80x80km 2 located in Portugal. Table 1 .
Material and methods

Satellite data
Since the access to DEIMOS-1 products (NDVI, LAI) is not publicly available, only three days of data were considered in this study. However, the images used were carefully selected based on their quality, the seasonality of the vegetation parameters, and the effects of both of these parameters on the methodology used to estimate VOC emissions. The primary concern was the impact of spatial variability on emission values derived from models using data with differing resolutions ofof satellite-derived vegetation parameters. In addition, this study will contribute to the limited body of knowledge currently published regarding satellite-derived vegetation parameters. MODIS products with 1000m resolution were obtained from http://lpdaac.usgs.gov/get˙data. In addition, d selfprocessed data with a 250 m were utilized in the multiscalar aspect of this study include. NDVI measures the vegetation reflectance and absorption over different wavelengths and is widely used to monitor vegetation conditions. Thus, the NDVI is calculated as the difference between near-infrared (NIR) and Red spectral reflectances obtained from a multispectral image:
Subsequently, LAI values are retrieved from the NDVI values using the Back Up Algorithm [17] . Daily NDVI values provided from DEIMOS-1 and the Maximum Value Composite of NDVI values for eight days from MODIS imagery were used in the analysis (Table 1) . LAI defines an important structural property of the plant canopy, namely the leaf area per unit ground area. In addition to NDVI values, the biome classification is also required to determine the LAI. The biome classification for each pixel in the study area ( Figure 1 ) is based on information obtained from the Corine Land Cover (CLC) database.
The following correspondence between CLC classification and the biomes for LAI estimation was used: Biome 1: Grasses and Cereal Crops (Arable Lands, Pas- Table 1 . Information about the satellite-derived products used in this study. 
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Biogenic emissions
VOC released into the atmosphere by processes other than human activities have been studied because of their contribution to atmospheric chemistry. Among the biogenic VOC, isoprene and monoterpenes are some of the most reactive and play a significant and, often dominant. role in ozone formation. The approach currently used to estimate biogenic VOC emissions integrates a simple conceptual model with GIS databases. The conceptual model was adopted from several authors 4, 9, 18, 19 and based on empirical algorithms. The dependence of VOC emissions on photosynthetically active radiation (PAR), ambient air temperature, and vegetation parameters are taken into account as following:
where: meteorological conditions for the study period providing hourly data with 9 km spatial grid resolution. The WRF is a next generation mesoscale numerical weather prediction system that has been developed for operational forecasting and atmospheric research needs [20] . From this model, Radiation and temperature outputs are used within the biogenic VOC emission model (Eq. 2) to correct the influence of both variables. The Guenther algorithm [4] the light (Equation 3) and temperature (Equation 4) correction factors are then applied to the standard emission rates in order to estimate isoprene emissions at current environmental conditions.
where: C L = 1.066 (scaling constant) α = 0.0027 (apparent quantum yield of isoprenoid emission) LAI is used to characterize seasonal variations in the amount of foliage at a given location. Using the methodology described in [9] , the LAI correction factor is implemented:
NDVI is employed as an indicator of the foliar greenness.
Multilayer analysis of the NDVI may provide additional information on plant conditions, such as drought stress [21] . In the current study, multilayer analysis of NDVI was implemented to determine the correction factor for isoprene emission quantification using a pixel-actual value for the current image and its multiyear absolute maximum value as following:
In order to provide greater flexibility in handling and analysis of input and output data, the biogenic emission model was implemented as an application in Geographic Information System (GIS). Python programming language was used in combination with a model builder within the ArcGIS framework. A general concept of the modeling system is presented in Figure 2 .
Results
The methodology described above was applied to the study area to quantify biogenic isoprene emissions. The data are analyzed for spatial and temporal variation of satellite-derived vegetation parametersand for the degree to which emission values are sensitive to different spatial resolutions. To accomplish this, the data were processed with three spatial resolutions (22m, 250m and 1000m) for three selected dates from 2011 (Table 1) , hereafter identified by the months. Figure 3 shows the seasonal variation of the NDVI for DEIMOS-1 images (22m resolution). The LAI product recovered with different resolutions is presented in Figure 4 , focusing on a randomly selected area within the study domain as an example. It should be highlighted that MODIS data with 250m and 1000m resolution are obtained from 8-and 16-day composite values, respectively, while DEIMOS-22m data are based on a single NDVI value per day for each pixel.
As could be seen in Figure 4 , coarse resolution data exhibit, in general, larger areas with and yield the highest LAI values. This analysis is enhanced by the boxplot presented in Figure 5 , showing that the 95th -percentile of the LAI increases when the data resolution is decreasing. However, the trend on LAI and NDVI data is much more complex when different quantiles are analyzed. It should be stressed that 250m and 1000m data are derived from composite maximum values and 22m values are obtained from a single image. Additionally data for 1000m are obtained from the standard MODIS product based on a different database of biome classifications, while 22m and 250m products are based on the same CLC data. Moreover, an atmospheric correction was not applied to selfderived products (data with 22m and 250m resolution). As discussed before, isoprene emissions within the study area are attributed to eucalyptus only. Therefore, in addition to CLC classes, forest inventory with spatial distribution of tree species was also considered. Thus, eucalyptus areas are distinguished within broad-leaved and mixed forests. LAI variability for the pixels classified as eucalyptus forest that were examined for isoprene emission quantification is presented in Figure 5 . Both parameters, NDVI and LAI calculated for evergreen eucalyptus exhibit seasonal variations (Figures 5 and 6 ). Several factors may have influenced this behavior, including stress conditions such as drought incurred during the summer months and the influence of the understory vegetation. Table 1 ).
Biogenic VOC emissions depend not only on vegetation parameters, but also on environmental conditions. As was mentioned above, isoprene emissions increase exponentially with temperature until about 40
• C. Atmospheric temperature varied widely in the study area during the Table 1 ).
selected days. On March 3, the daily average temperature was 10
• C, ranging 5
• C to 13
• C. During the other dates, the temperature varied by a similar amount, with average temperature of 24 ?
• C and minimum and maximum values of 16
• C and 27
• C, respectively. The spatial variability of the temperature is more conservative than was observed for vegetation parameters within the study area of 80x80km 2 . Nevertheless, the proximity to the Atlantic Ocean and presence of mountains define the surface temperature field simulated by the meteorological model. Final results for the isoprene emissions are presented in Figure 7 as the emission rate in µg.m −2 .h −1 for different seasons and different spatial resolutions of the input data. Table 2 depicts the total isoprene emission for the same dates in the context of the entire domain. Isoprene emissions reveal strong seasonal variations, as presented in Figure 7 . These variations are primary related to seasonal differences in air temperature. However, the LAI and NDVI spatial resolutions used as inputs for the emissions modeling are also important to consider when describing the emissions variability for each date.
The discrepancy between the emission estimates with different resolutions is more evident when the total emission values for the domain are analyzed (Table 2 ). For example, the highest isoprene emissions are obtained with lower resolution satellite data, resulting in average about 30% higher than the total emissions. It is important to stress that the sensitivity to LAI and NDVI resolution is highlighted in this work. However, an additional source of uncertainty in VOC emission modeling related to the model itself and the input data is also recognized. Moreover, the uncertainties assessment and the reliability of emission inventories depends on the quality of the criteria defined by the user of the inventory [22] . The modelling approach used in this work to estimate biogenic emissions is based primarily on Guenther formulations [4, 9] . This methodology has been widely validated in the literature [4, 9, 18, 19] , showing that isoprene emission estimates are within a factor of 2 of the above-canopy emission fluxes measured. In general, these uncertainties may be related to several factors: calculation algorithms, processing, data quality, resolution and disaggregation/aggregation methods [14, 18, 22] . Among the described throughout this study, emphasis is placed on the spatial resolution of the input data used to estimate biogenic emissions. In addition to the analyzing the degree of sensitivity, the model was also adjusted for the level of land cover. This was accomplished by using a land-use spatial database with tree species distribution and new emission factors adapted to the current environmental conditions, which contrasted with broader land-cover classifications commonly considered in biogenic emission inventories. For example, a forest classified as broad-leaved without further identification of tree species, will result in the wrong selection of the emission factors and, therefore, increase the uncertainty of the final emission estimates. The information on trees species was obtained by combining CLC classes with the forest inventory.
Conclusions
A multi-scale analysis of satellite-derived vegetation parameters is presented in this work focusing on their importance for biogenic VOC emission modeling. The data on NDVI and LAI with 22m, 250m and 1000m resolution obtained from DEIMOS-1 and MODIS are analyzed. There is good agreement between average values from the analyzed dataset, but the quantile analysis revealed important differences in the data distribution. The low resolution data analyzed as maximum composite values present significantly higher values of LAI when compared to a single value from a high resolution image. Differences found in the multi-scale datasets of LAI and NDVI affect the isoprene emissions varying by about 30% within the study area. Analysis of additional parameters and quantification of the overall uncertainty related to the input data (e.g. resolution, processing) in VOC emission modeling should be implemented and explored in future research.
